The influence of alternating electric field (AC) in the structure and dynamics of giant unilamellar vesicles (GUVs) comprised of 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC) is reported. The investigations were conducted by using optical fluorescence microscopy as the method of analysis. The lipid membrane of the DLPC GUVs at the fluid phase can be deformed and they migrate towards the electrodes under AC electric field. Nevertheless, membrane disruption or vesicle fusion was never noticed. The addition of concentrated glucose solution influences the osmotic pressure of the system leading to the formation of filaments at the outer region of the GUVs. These long flexible cylinders do not retract spontaneously. However, the application of AC electric field (20 V/mm, 20 Hz) enables the filaments to be retracted back to the GUVs membrane at a calculated speed of 0.18 µm.s -1
Introduction
Perturbations of lipid systems via the application of external electric fields can provide informations on their structural features and dynamic properties. The exposure of cell membranes to alternating electric fields may lead to a variety of responses, such as for instance, cell deformation and effects on the mobility and cell shape. [1] [2] [3] [4] [5] [6] Along these lines, giant unilamellar vesicles (GUVs) have been extensively investigated as a model for biological membranes since their dimension are compared to living cells (5 -50 μm). Technically, they can be easily observed by using an optical microscope enabling investigations of the membrane behavior under electric field. [7] [8] [9] [10] [11] Indeed, it has been already reported that GUVs behavior under AC (alternating current) and DC (direct or continuous current) is different. The application of AC electric field induces stationary deformations in the vesicles while intense electric fields (pulsed DC) can cause a significant increase in the electrical conductivity and permeability of cell membranes such as in the cases of electroporation and electropermeabilization. 1, 2, [12] [13] [14] [15] [16] The spherical vesicles under AC assume an ellipsoidal shapes and the degree of deformation depends on several parameters including electric field strength and frequency. 2 The application of AC electric fields can also be used to induce vesicle poration.
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Taking into account the above mentioned knowledge, herein it is reported the influence of external AC electric field on the dynamic and structure of GUVs produced from 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC) by using optical fluorescence microscopy. The motivation was essentially to evaluate the influence of AC electric field in fully saturated hydrocarbon chains as present in DLPC.
Experimental procedures

Samples and Chemicals
The lipid 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC, > 99%) and the fluorophore 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonia salt) -(rhodamine-DOPE, > 99%), in chloroform, were obtained from Avanti Polar Lipids. The cell for the application of the electric field was purchased from Eppendorf.
Formation of the Giant Unilamellar Vesicles (GUVs)
The giant unilamellar vesicles (GUVs) were grown following the electroformation method described by Angelova et al. 18 Accordingly, 10 µL of a 1 mg. 
Electric Field Setup
The simultaneous electric field application and optical fluorescence microscopy observations were performed by using the cell setup portrayed in Figure 1 . The Teflon cell contains a glass sheet at the lower part allowing the visualization under an optical microscope and two 0.09 mm diameter electrodes separated by 0.5 mm located between the lower glass and the upper opening of the cell as indicated by the arrows in Figure 1 .
DIC objective) immersed in water. The three dimensional (3D) images were obtained using confocal laser scanning microscopy (CLSM) with a Nikon C1 scanner. The images were captured with the EZ-C1 software (Nikon, version 3.50). The fluorescence of the fluorophore rhodamine-DOPE present in the GUVs membranes was detected in confocal mode after excitation at 543 nm (helium-neon laser, MellesGriot). The images were analyzed using the software Magneto developed at the Charles Sadron Institute. The whole set of data was acquired at 18 ºC.
The fluorescence images of the GUVs under the application of electric field were obtained using an inverted microscope (TE2000, Nikon, Japan) equipped with a 40X objective lens because of the thickness of the glass sheet used to build the electric field cell. The 40X objective lens was previously used in phase contrast mode in order to locate the electrodes and vesicles and further switched to fluorescence mode for the application of electric fields. The microscope uses a mercury lamp as light source with excitation filter placed within the illumination path for the selection of the incident wavelength. The fluorescence images were collected using a digital camera (Diagnostic Instruments NDIAG 1800) coupled to the microscope and allowing the acquirement of images and videos.
Results and discussion
The phase transition temperature (T f ) of DLPC is located at about -1 ºC. Accordingly, the GUVs are in the fluid phase at the temperature of the experiments (18 ºC). The vesicles could thus be deformed under external electric field as evidenced in the sequence of images portrayed in Figure 2 . The application of the higher electric field (18 V/mm, 60 Hz) also moves the vesicles towards the electrodes. As the strength of the electric field is lowered, the vesicles have the tendency to move away from the electrodes losing fragments of their membrane (Figure 2b) . Application of successive cycles leads to increased vesicle mobility and a reduction in their size and the formation of filaments (Figures 2c-d) .
The deformation is explained taking into account the fluid phase and the lipid nature of the bilayer. The structural characterization of DLPC, DMPC and DOPC unilamellar vesicles through SAXS measurements evidenced that the hydrophobic region of DOPC is 2 Å thicker than that of DMPC, although the carbon chains of the previous are reasonable bigger (four carbon atoms longer). 20 Therefore, hydrophobic interactions in DOPC are presumably stronger even though DOPC is not saturated. This behavior probably reflects the molecular weight of the hydrophobic chains and the increasing in London dispersion forces, thereby restricting the deformation of DOPC GUVs under external electric field as compared to DMPC and DLPC. On the other hand, the dimension of the DLPC hydrophobic region is 4.5 Å smaller compared to DMPC, although the latter has only two carbon The long distance between the electrodes as compared to their diameter ensures a homogeneous distribution of the field in the space between the electrodes. 19 The cell volume is approximately 0.8 mL. The apparatus was previously connected to the microscope and subsequently an adjustable voltage source (1V-20V, 1Hz-1MHz) was employed to generate AC electric fields.
Optical fluorescence microscopy
The GUVs were previously observed in the absence of electric field using an inverted microscope (TE 2000, Nikon, Japan) equipped with a 60X objective lens (1.2 NA Plan Apo atoms more at each carbon chain. 20 The available area per chain at the bilayer is also lipid-dependent (72.1 Å 2 for DOPC, 60.6 Å 2 for DMPC and 63.2 Å 2 for DLPC). 20 Therefore, the degree of deformation observed in DLPC vesicles under external electric field may have its explanation in the weaker hydrophobic interactions (because of the lower number of carbons at each hydrophobic chain), the more voluminous packing of the lipid chains as compared to DMPC, as well as the fluid state allowing more flexibility to the membrane.
towards the outer part of the vesicles in order to balance the concentration of both compartments thereby leading to and imbalanced surface/volume ratio in the vesicles and ultimately resulting in the formation of smaller assemblies. The addition of 40 μL 1 M glucose solution leads to the formation of two different types of filaments when the system is under electric field. The filaments remain connected to the GUVs membrane. One type of filament is thicker (average diameter ~ 2 µm) and in less than 1 min they return to make part of the membrane again (Figure 3) . Additionally, when the applied electric field is 10 V/mm, these filaments instantly return to the vesicles (not shown). The DLPC vesicles also become smaller as glucose is progressively added to the system (Figure 4) . The arrows depicted in Figure 4 points the formation of smaller vesicles produced by the division of the larger assemblies caused by the osmotic shrinkage induced by the concentration gradient. The increase in solute concentration results in water influx The Figure 5 depicts the vesicles after the addition of concentrated glucose solution. The GUVs depicted in Figure 5a were observed in the absence of electric field and after the addition of the concentrated glucose solution whereas in Figure 5b an electric field of 30 V/mm was applied during 10s (until the elongation of the vesicles) and then it was rapidly reduced to 4 V/mm leading to the condition observed in Figures 5c-d . The formation of filaments as well as smaller vesicles is clearly seen, particularly in Figure 5d . Indeed, the second type of filament produced with the addition of 40 μL 1 M glucose solution is thinner (average diameter ~ 1 µm). These filaments do not return to the vesicle spontaneously. Several conditions of voltage and frequency were tested until two conditions were established where the filaments return to the vesicle as a result of the application of electric field. For instance, the application of 20 V/mm at 20 Hz enables the filaments to be retracted to the original GUVs. However, the rapid movement of the vesicles in suspension after the addition of glucose hinders the analysis and thus the electric field was applied for 2-5 min after the addition of glucose to the cell. The experiment was carried out with the electric field cell closed.
The Figure 6 shows the average filament length (µm) as a function of the total retraction time for 20 GUVs under external electric field (10 V, 20 Hz). The data evidences that the total length of the filaments is linearly dependent of the time they take to be incorporated back to the membrane. For instance, smaller filaments have a shorter retraction time and rapidly return to the vesicle.
Complementary, the Figure 7 shows the filament length as a function of the retraction times. The optical fluorescence microscopy images portray the vesicles at different points of the retraction process. In these data, obviously, the filament is longer at the beginning of the dynamic process becoming progressively shorter as time proceeds. Based on the fitting results, the retraction speed is about 0.18 µm.s -1 . Finally, the surface area of the vesicles was also calculated. The value is equal to 1256 µm 2 before the application of electric field whereas after the retraction of the filament the value is 1505 µm 2 . The filament area is accordingly 249 µm 2 . Presumably, the larger surface area is caused by the retraction of the filament towards the vesicle that they were originated.
Conclusions
The influence of electric field (AC) on structural features and dynamic properties of GUVs produced from DPLC was investigated using optical fluorescence microscopy. The lipid membrane of the GUVs can be deformed by employing electric field cycles (from 2 to 40 V/mm at constant frequency). It was also evidenced electrode migration but, on the other hand, membrane permeation was never observed. The reduced number of carbon atoms at the hydrophobic region along to the available area per lipid chain at the bilyaer and the fluid stated of the assemblies can explain the extendend degree of deformation observed by increasing the strength of electric field. The addition of concentrated glucose solution to the system causes osmotic imbalance and enable the formation of filaments at the outer region of the GUVs. These ramifications retract at a speed of 0.18 µm.s -1 under external electric field (20 V/mm, 20 Hz).
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